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Abstract 

Stressor experiences during the juvenile period may increase vulnerability to anxiety and depressive-like symptoms in 
adulthood. Stressors may also promote palatable feeding, possibly reflecting a form of self-medication. The current study 
investigated the short- and long-term consequences of a stressor applied during the juvenile period on anxiety- and 
depressive-like behavior measured by the elevated plus maze (EPM), social interaction and forced swim test (FST). 
Furthermore, the effects of stress on caloric intake, preference for a palatable food and indices of metabolic syndrome and 
obesity were assessed. Male Wistar rats exposed to 3 consecutive days of variable stressors on postnatal days (PD) 27-29, 
displayed elevated anxiety-like behaviors as adults, which could be attenuated by consumption of a palatable high-fat diet. 
However, consumption of a palatable food in response to a stressor appeared to contribute to increased adiposity. 
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Introduction 

Adolescent and childhood obesity has become a worldwide 
epidemic to the extent that globally, approximately 200 million 
school aged children can be classified as either overweight or obese 
[1] . Further, childhood and adolescent obesity is a strong predictor 
of adult obesity [2-4] , and have been associated with adverse long- 
term health outcomes such as, hypercholesterolemia, insulin 
resistance [5], hypertension [6], type-2 diabetes [7], nonalcoholic 
fatty liver disease [8] and various cancers [9, 1 0] . 

Recent increases in the prevalence and incidence of obesity 
have been attributed to the interplay of a variety of different 
factors, such as genetics, the family environment, levels of physical 
activity, advertising, and sedentary behaviors [11]. Of particular 
interest is the role of stress in the development and maintenance of 
obesity, as the level of daily stressors individuals have been 
experiencing continues to increase [12-14]. In this regard, a 
stressor-induced preference for palatable foods (especially those 
with a high fat and/or sugar content) has been documented in 
both animals and humans [15-18]. This preference was proposed 
to serve as a form of self-medication to protect against the adverse 
effects of stress [19]. Access to a palatable food has been shown to 
protect against behavioral disturbances elicited by inescapable foot 
shock [20], reduce sympathetic responses to a stressor [21-30], 
and diminish hypothalamic-pituitary adrenal (HPA) axis activity 
[31-34]. Consumption of palatable foods may also limit some of 
the long-term negative effects of an early life stressor (maternal 
separation) [35]. 



Although self-medication with a palatable food can have some 
beneficial effects on psychological functioning, it may be a 
counterproductive long-term stress coping strategy. The excess 
calories gained from consumption of a high fat and/ or sugar diet 
leads to an increase in adipose tissue [36], which secretes several 
hormones and signaling factors [37-39] involved in the regulation 
of food intake [37,40]. Increases of adipose tissue and the resulting 
endocrinological consequences have been implicated in athero- 
sclerosis [36], elevated plasma levels of inflammatory cytokines 
[39], and elevated concentrations of free fatty acids, which can 
contribute to reduced muscle glucose uptake [41] and the 
development of insulin resistance, which has been directly linked 
to type 2 diabetes, cardiovascular disease, and cancer [42,43]. 

The relationship between stress, eating behavior and obesity 
during adolescence may be of particular significance given the 
increased prevalence of obesity in this population. Indeed, in both 
humans and rodents, the juvenile phase represents a critical period 
in development during which there is substantial cerebral 
development and reorganization as well as altered HPA axis 
function [44,45]. It has been suggested that this major biological 
transition period renders adolescents more sensitive to the effects 
of stressors and the subsequent development of stressor-related 
psychopathologies [46] . Animal studies have shown unique effects 
of stressors on HPA activity during adolescence as pre-pubertal 
rats exhibited higher or prolonged adrenocorticotrophin releasing 
hormone and corticosterone release compared to adults [44]. 
However, these effects were sex dependent and also varied with 
the stressor employed [44] . Adolescence is further characterized as 
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a unique stage in brain development, as regions related to 
emotional and learning processes, such as the prefrontal cortex, 
hippocampus, and the amygdala, all undergo substantial remod- 
eling during this phase and have also been proposed to be 
exquisitely sensitive to the effects of stress [47] . Importantly, these 
regions have also been implicated in the homeostatic mechanisms 
underlying energy balance and feeding behaviors [18,47]. 

The present study was conducted to further characterize the 
short- and long-term consequences of stressor exposure during the 
juvenile period (PD 27-29) on behavioral indices of depression and 
anxiety using a modified version of the juvenile stress protocol 
developed previously [48]. A second objective was to determine 
the effects of juvenile stressors on feeding behavior and preference 
for a palatable food. In this regard, we aimed to elucidate whether 
the consumption of a palatable food during adolescence could 
attenuate the long-term behavioral consequences of stressor 
exposure. A final objective of this study was to investigate the 
long term consequences of stress-induced palatable feeding on 
indices of metabolic syndrome and obesity. 

Materials and Methods 

1. Animals 

Ninety-six 21 day old male Wistar rats were obtained from 
Charles River (Quebec, Canada). Upon arrival, rats were 
randomly assigned to four conditions: (1) Chow + Control; (2) 
Chow + Stress; (3) Palatable + Control; and (4) Palatable + Stress. 
Rats were double housed until PD 30 or 60 in standard plastic 
cages with bedding at a room temperature of 22±1°C on a 12 
hour light-dark cycle (lights on at 0700hr and off at 1900hr). On 
PD 30 or 60 all animals were singly housed in order to prepare for 
social interaction testing. Animals remained singly housed for the 
remainder of testing. Weight gain was measured on PDs 25, 30, 
40, 50, 60, 70. All procedures met the guidelines established by the 
Canadian Council on Animal Care and were approved by the 
Animal Care Committee of the University of Ottawa Institute of 
Mental Health Research. 

2. Experiments 

Forty rats were used in Experiment 1 (juvenile testing, PD-30- 
37) and fifty-six rats were used in Experiment 2 (adult testing, PD 
60-67). Animals in both experiments underwent all behavioral 
tests. Weight gain, caloric intake, comfort preference, glucose 
tolerance, plasma corticosterone and adiposity were only collected 
in Experiment 2. An overview of each experiment is presented in 
Figure 1. 

3. Diet 

All rats were given free access to standard laboratory chow 
(3.4kcal/g, 4.5% fat, 18.1% protein, 57.3% carbohydrate, 
Charles River Rodent Diet 5075, Agribrand Purina Canada, 
Woodstock, Ontario, Canada) and rats assigned to the palatable 
food condition were given limited daily access to a 45%Kcal Fat 
diet (4.7 Kcal/g, 23.2% fat, 17.3% protein, 47.6% carbohydrates, 
TD. 08811, Harlan Laboratories, Madison, Wisconsin, USA). 
Palatable food was given daily at 8:00 and removed at 10:00 
and intake was measured. Every three days, chow consumption 
was measured by subtracting the weight of the chow in the cage 
from its weight 24-hours earlier. Total caloric intake was 
calculated by multiplying the energy content (Kcal/ g) of individual 
diets by the amount consumed and summing them. Preference for 
palatable food was calculated by taking the ratio of calories of 
palatable food consumed over total calories consumed. Food 



intake data was collected from PD 21 to PD 60. As rats were 
housed in pairs, equal food intake by cage mates was assumed. 

4. Juvenile Stress Paradigm 

The juvenile stress procedure used was a modification of the 3 
day procedure described by Jacobson-Pick and Ritcher-Levin 
[48] . This procedure comprised 3 consecutive days of exposure to 
a different stressor per day throughout PD 27-29. 

PD 27 - Forced swimming. Rats were individually placed in 
a circular water basin (diameter 48 cm; height 42 cm; water depth 
29 cm and a temperature of 22±2°C) for 10 min, during which 
they swam or floated continuously. 

PD 28 - Elevated platform. Rats were individually placed 
on a small elevated platform (12 cmxl2 cm; 70 cm elevation 
from water level) for three separate 30 min sessions. Platforms 
stood within a basin filled with water for the animals' protection 
should they fall off. During the intersession interval of 60 min rats 
were returned to their home cage. Animals which fell during the 
testing session were immediately returned to the platform for the 
remainder of the test session. 

PD 29 - Restraint. Rats were placed for 30 min in a plastic 
restraining bag that prevented side-to-side movement and limited 
forward-backward movement. The plastic bag had a hole at the 
end closest to the rat's nose to allow for ventilation. 

5. Behavioral Testing 

Behavioral testing was conducted under low illumination (30- 
40 lux) between 10:00-13:00 daily following a 1 hr period during 
which rats habituated to the testing room. Behavior was monitored 
via a video camera mounted above the arena. Rats were tested in 
all behavioral paradigms. Testing was conducted between PD 30- 
37 or 60—67. An overview of the stress procedure and behavioral 
testing schedule is presented in Figure 1. 

5.1 Open Field. On PD 30 or 60, prior to elevated plus maze 
(EPM) testing, rats were placed in the center of the arena and its 
behavior monitored for 5 min. The arena consisted of a square 
Plexiglas arena measuring 60x60 cm with 30 cm high walls. 
Using lines, the floor was divided up into 16 squares (5x5 cm). 
The total number of squares crossed was recorded as an index for 
general locomotor activity [49]. 

5.2 Elevated Plus Maze. On PD 30 or 60, rats were placed 
on the center platform of the EPM. The EPM consisted of two 
open arms (50x10 cm) and two perpendicularly situated arms 
enclosed by 40 cm high walls, elevated approximately 66 cm 
above the floor. Immediately after OF testing, rats were placed 
onto the open central platform of the EPM (facing a closed arm). 
Behavior scored during the 5 min test included time spent on the 
open and closed arms and risk assessment behavior (unprotected 
head dips; head protruding over the edge of an open arm). Time in 
the open arms and unprotected head dips are validated measures 
of reduced anxiety-like behavior [50] . 

5.3 Social Interaction. The social interaction test was 
conducted over a total duration of three days. On PD 30 or 60 
rats were individually housed 2 hours after the completion of EPM 
testing in order to increase the level of social interaction [51]. On 
PD 33 or 63, rats were matched to a partner from the same diet x 
stress condition (but from a different cage) on the basis of body 
weight, such that members of a pair did not differ by > 1 0 g. On 
habituation day 1 (PD 33 or 63), rats along with their test day 
partner were placed in the arena (60 x60 cm; 30 cm high walls) for 
five minutes. On habituation day 2 (PD 34 or 64), rats were 
individually placed in the arena for a period of 3 min. On test day 
(PD 35 or 65), pairs of rats were placed in the test chamber and the 
behavior of both rats was observed for 7 min. Total time spent in 
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Figure 1. Summary of study design. Animals assigned to stress condition were exposed to a different stressor per day from PD 27-29 while 
control animals received daily handling. All animals were tested in the indicated behavioral paradigms as described in each experiment. 
doi:10.1371/journal.pone.0096573.g001 



social interaction (including sniffing, climbing over each other, 
following, allogrooming, and play fighting) was recorded. De- 
creases in social interaction are reflective of an anxiogenic profile 
[51]. 

5.4 Forced Swim Test. The forced swim test is a widely used 
behavioral despair paradigm used to evaluate the effectiveness of 
antidepressant drugs [52-54]. The forced swim arena consisted of 
a clear Plexiglas cylinder (20x45 cm, water height 30 cm, 
temperature 25°C; Stoelting Co., Wood Dale, Illinois). A 
habituation session (PD 36 or 66: 15 min) was performed 
twenty-four hours prior to the test session. On test day (PD 37 
or 67) the animal was returned to the same cylinder for 5 minutes. 
The time spent immobile was recorded during the test session. 

6. Basal Corticosterone Levels and Assay 

On PD 66, prior to the FST training session, rats from 
Experiment 2 were moved in their home cages to the testing room 
and allowed to rest for a one hour. Blood samples were collected 
from rats individually using tail venipuncture. The time elapsed 
from retrieving the rat from their home cage to the depositing of 
the blood sample on the filter paper was approximately 1-2 min 
per rat. Blood droplets were deposited onto 903 ProteinSaver filter 
paper (GE Healthcare Bio-Sciences Corp, MA, USA), allowed to 
dry at room temperature then stored at — 20°C. 

Collected samples were analyzed using a radioimmunoassay 
(RIA). Two days prior to the RIA procedure, blood was eluted 
from the filter paper by placing one 3 mm punch (per time point) 
of filter paper in a 12x75 culture tube containing 200 U.L 
Dulbecco's Phosphate Buffered Saline (sigma, item D-5773) w/ 
0.1% gelatine, covered with parafilm in a fridge at 4°C. On the 
day of the RIA procedure, culture tubes containing the samples 
were placed on an orbital shaker for 1 hour at room temp. CORT 
levels were the determined from the eluted blood sample using 



commercial RIA kits as per the manufacturer's instructions (MP 
Biomedicals, CA). The inter- and intra-assay variability was 7.3% 
and 7.4%, respectively. 

7. Glucose Tolerance 

On PD 70, following 12 hr of fasting, rats in Experiment 2 were 
given an intraperitoneal injection of a 0.75 g/mL dextrose 
solution (dose: 1.75 g/kg). Blood glucose was measured by 
applying a drop of blood (via tail venipuncture) onto a test strip, 
then taking a reading with a blood glucose meter (Accu-Chek 
Aviva Nano, Roche Diagnostics, Mannheim, Germany). Levels 
were assessed immediately before the injection, and 15, 30, 60 and 
1 20 min post-injection. 

8. Adiposity 

On PD 75, carcasses of animals in Experiment 2 were collected 
following sacrifice and then stored at — 20°C. The carcasses were 
later thawed and fat pads hand dissected and weighed. The fat 
pads collected included: mesenteric, retroperitoneal, subcutaneous 
inguinal white fat, and inter-scapular brown fat. 

9. Statistical analysis 

Data obtained from the open field, EPM, social interaction, 
FST, corticosterone and adiposity tests were analyzed by 2 
(Diet) x 2 (Stress) analysis of variance (ANOVA) for each measure. 
Data for total caloric intake, palatable food preference, weight, 
and glucose tolerance were analyzed using three-way (Diet x 
Stress x Time) repeated-measures ANOVAs where Diet and 
Stress were the between group variables and Time the (repeated) 
within group variable. Subsequent follow-up comparisons were 
conducted using t tests with a Bonferroni correction to maintain 
the alpha level at 0.05. For some variables (weight, caloric intake, 
palatable food preference, behavioural tests, glucose intolerance 
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and adiposity) a priori predictions that access to the palatable diet 
would alter the impact of the stressor were made. Follow-up 
comparisons for interactions for the aforementioned predictions 
were conducted irrespective of whether the F value for an 
interaction reached significance [55]. Data points ±3 standard 
deviations from calculated means were considered as outliers and 
not included in statistical analysis [56]. Some rats were removed 
from the statistical analysis of behavioral indices as a result of 
missing data (e.g. rat fell off the EPM), thus the N and df associated 
with these measures vary across outcomes. 

Results 

1. Effect of stress and diet on weight and food intake 

Juvenile stressor exposure and diet had a significant effect on 
body weight. Repeated measures ANOVA revealed a significant 
Stress (F 5;25 5 = 7.82, p<.001) and Diet effect (F 5i25 5 = 9.89, p< 
.001) (Figure 2A and 2B). Follow-up comparisons were completed 
based on an a priori hypothesis that a significant interaction 
(F5,255 = 1.47, p = .201) would be present. Simple effects analysis 
revealed that previously stressed chow fed rats weighed signifi- 
cantly less than controls at PDs 40 (p = .021), 60 (p = .007) and 70 
(p = .002). Among previously stressed rats with access to the 
palatable diet, a significant decrease in weight relative to the 
palatable control group was observed on PDs 30 (p = .040), 40 
(p = .045), and 50 (p = .033). Among previously stressed rats, those 
with access to palatable food weighed significantly more than 
chow fed rats on PD 70 (p = .01 1). 

Repeated measures ANOVA revealed a significant effect of Diet 
(F9.207 = 2.83, p = .026) on total caloric intake (Figure 2C). In 
general, rats with access to the palatable diet consumed more 
calories. Follow-up comparisons were completed based on an a 
priori hypothesis that a significant interaction (F 92 o 7 =1.23, 
p = .280) would be present. Simple effects analysis showed that 
previously stressed rats with access to chow only displayed 
significant reductions in total caloric intake on PD 32 (p = .003) 
and PD 47 (p = .024). A significant difference between the two 
stress groups was observed on PD 41 (p = .023) and PD 48 
(p = .0 1 8). No significant effect of Stress on preference for 
palatable food (F 9 9 9 = 1.895, p = .061; Figure 2D) was observed. 

2. Effect of stress and diet on anxiety- and depressive-like 
behavior 

Locomotor behavior across groups was comparable in both 
Experiment 1 and 2. No significant effects of Stress or Diet were 
found regarding number of squares crossed in the open field at 
both the juvenile and adult time point. Means (±SEM) for the 
juvenile time point were as follows: Chow + Control 
123. 10± 14.26; Chow + Stress 1 18.00± 10.25; Palatable + Control 
140. 10± 1 1.36 and Palatable + Stress 128.10±3.85. Means 
(±SEM) for the adult time point were as follows: Chow + Control 
104.19±6.41; Chow + Stress 98.57±7.81; Palatable + Control 
103.85±6.16 and Palatable + Stress 93.86±4.02. 

In the EPM (Figure 3, A-D), a significant main effect for Diet 
on the amount of time spent on the open arms (F 135 = 4.717, 
p = .037) was observed in Experiment 1. In general, juvenile rats 
with access to the palatable diet spent more time on the open arms 
of the maze. No significant differences in time spent in the closed 
arm, and number of risk assessments was observed. No significant 
effects of Stress or Diet were found regarding entries into the 
closed arm suggesting that locomotor activity across groups was 
comparable. 

In Experiment 2, a significant main effects for Stress was 
observed in the EPM (Figure 3, E-H) for time spent in the open 



arms (F, 50 = 12.271, p = .001), and time spent in the closed arms 
(Fi,5o = 13.55, p = .001) suggesting that the juvenile stressor 
induced long-term anxiety-like behaviors. Follow-up simple effects 
comparisons on time spent on the open and closed arms were 
completed based on an a priori hypothesis that significant 
interactions (F! ;50 = 2.52, p = . 1 18 for closed; F 1;50 = .911, 
p = .345 for open) would be present. Interestingly, previously 
stressed rats with access to chow spent significantly less time in the 
open arm (p = .003), and spent more time in the closed arms of the 
maze (p<.001) compared to their controls. Among the two stress 
groups, chow fed rats spent significandy more time in the closed 
arms relative to those with access to the palatable diet (p = .039). 
No significant differences were observed in terms of the number of 
risk assessments made and number of entries into the closed arm 
entries, again suggesting that locomotor activity was comparable 
across groups. 

In the social interaction test, no significant differences in total 
time spent engaging in active social behaviors was observed in 
juvenile rats (Figure 4, A-B). In regard to individual social 
behaviors, a significant Diet effect was observed in time spent play 
fighting (F 135 = 5.250, p = .028) as rats with access to the palatable 
diet engaged in more play fighting. 

In Experiment 2, juvenile stress induced a long-term increase in 
anxiety-like behavior measured in the social interaction test 
(Figure 4, C-D). A significant interaction between Stress and Diet 
was found with regard to total time spent engaged in social 
behaviors (F 1;M = 9.085, p = .004), following (F 1;51 = 6.23, 
p = .016), moving over/under one another (F 151 =4.93, 
p = ..031) and time spent sniffing one another (Fi ji = 6.41, 
p = .014). The follow-up simple effects analyses confirmed that 
previously stressed rats with access to chow spent significantly less 
time engaged in active social interaction compared to non-stressed 
controls (p = .004). This decreased activity was also observed in 
individual social behaviors, including following (p = .015), and 
moving over/under one another (p= .013) and time spent sniffing 
on another (p = .037). Stressed rats with access to chow also spent 
significandy less time total time engaged in social behaviors 
(p = .029), as well as following one another (p = .003) compared to 
previously stressed rats with access to palatable food. 

For both the juvenile and adult time points, no significant effects 
of Stress or Diet were found regarding time spent immobile in the 
FST. Mean (±SEM) time spent immobile for the juvenile time 
point was as follows: Chow + Control 5.208± 1.20; Chow + Stress 
3.805±1.20; Palatable + Control 4.060±1.27 and Palatable + 
Stress 3.298±1.20. Mean (±SEM) time spent immobile for the 
adult time point was as follows: Chow + Control 21.29±3.96; 
Chow + Stress 20.89±3.96; Palatable + Control 27.52±4.11 and 
Palatable + Stress 19.47±4.11. 

3. Effect of stress and diet on endocrine and metabolic 
indices 

A significant Diet effect was observed in basal corticosterone 
levels measured on PD 66, F 150 = 10.56, p=.002 (Figure 5A), 
wherein rats with access to the palatable diet displayed signifi- 
candy reduced basal corticosterone. 

Repeated measures ANOVA revealed a significant Time x 
Stress interaction for blood glucose levels in response to a glucose 
challenge, (F 4;2 oo = 2.621, p = .036; Figure 5B). Although previ- 
ously stressed rats with access to the palatable diet tended to show 
increased blood glucose relative to their controls follow-up simple 
effects analysis did not reach significance. 

In general all rats with access to the palatable diet displayed an 
increase in adiposity (Figure 5C). A significant Diet effect was 
observed in the weight of retroperitoneal (F lj52 = 10.93 p = .002) 
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Figure 2. Effect of stress and diet on weight and food intake. Initially, both stress groups gained weight (A and B) at the slower rate relative to 
their controls; however, this reduction in the rate of weight gain persisted past PD50 in the Chow+Stress group only. A significant difference between 
stress groups was observed on PD 70. Overall, rats with access to the palatable diet consumed more calories relative to chow-fed rats (C). No 
significant difference in preference for the palatable diet was observed (D). Lines represent mean ± SEM. 8 Significant difference between Chow and 
Chow+Stress. <p Significant difference between Palatable and Palatable+Stress. + Significant difference between the two stress groups receiving 
opposite diets. 

doi:1 0.1 371 /journal.pone.0096573.g002 

and subcutaneous inguinal (F 152 = 10.93 p = .002) fat pads. Two- as well as the chow-fed control group (p = .006). No significant 
way ANOVA of mesenteric fat pad weight revealed a significant differences in inter-scapular brown fat were observed (Fj 52 = 1.69 
Diet x Stress interaction (F lj52 = 4.75 p = .034). Follow-up simple P>-1) 
effects analysis revealed that previously stressed rats with access to 
chow displayed significant decreases in mesenteric fat relative to 
previously stressed rats with access to the palatable diet (p<.001), 
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Figure 3. Anxiety-like behavior in the elevated plus maze. A significant effect of the palatable diet was observed in the juvenile time point. In 
general, rats with access to the palatable diet spent more time in the open arms of the maze. In adulthood, previously stressed chow fed rats (E) 
spent less time in the open arms, and (F) more time in the closed arms compared to chow fed controls. A significant difference between stress groups 
was observed in terms of time spent in the close arm with chow-fed rats spending more time relative to palatable food fed counterparts. No 
significant difference across groups was observed regarding number of (G) risk assessments and closed arms entries (H), suggesting no significant 
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differences in locomotor activity. Bars represent mean ± SEM. x Significant diet effect. * Significantly different from controls. # Significantly different 
from condition matched rats receiving opposite diet. 
doi:1 0.1 371 /journal.pone.0096573.g003 



Discussion 

The present study investigated the short- and long-term 
consequences of unpredictable physical stress applied during the 
juvenile period on subsequent behavioral markers of depression 
and anxiety and indices of metabolic syndrome and obesity. No 
short-term effects of juvenile stress on behavioral markers of 
anxiety-like behaviors were observed in the open field, EPM and 
social interaction test. In contrast, juvenile stress resulted in 
decreased exploration of high-risk areas of the EPM in adulthood, 
which is consistent with results reported by Jacobson-Pick and 
Ritcher-Levin [48] . Reduced social exploration was also observed 
in the present study, as rats previously exposed to juvenile stress 
exhibited less social behavior compared to controls. Decreased 
social behavior in adulthood following juvenile stress has been 
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previously reported in both mice [57] and rats [58]. Exposure to 
juvenile stress did not appear to impact behavior in the forced 
swim test at both time points; however, it is possible that previous 
exposure to the swim stress in the juvenile stress protocol hay have 
altered behavior in the FST. This particular stress paradigm may 
also be more in keeping with a model of anxiety as opposed to 
depressive symptoms. Together, these findings indicate that 
juvenile stress can have lasting effects on behavior in adulthood 
[46,48,57-62]. 

Consistent with the view that eating palatable foods may serve 
as a means of coping with distress in humans [63,64], in the 
present study palatable food mitigated the behavioral effects of the 
juvenile stress. In adulthood, chow-fed rats exposed to the stressor 
displayed significandy higher levels of anxiety-like behavior 
compared to rats with access to palatable food. No significant 



Adult Period 




Chow Palatable 

D 




Figure 4. Social behavior in the social interaction test. No significant differences in total time engaged in social behaviors were observed in 
the juvenile phase (A); however, in general rats with access to the palatable diet engaged in more play fighting (B). In adulthood, previously stressed 
chow fed rats spent less total time engaged in social behaviors compared to chow-fed controls and previously stressed rats with access to the 
palatable diet (C). In regards to specific behaviors, chow fed rats exposed to the juvenile stress spent less time sniffing, following and moving over/ 
under one another (D) relative to their controls. The difference between stress groups was significant for following behavior as well (D). Bars 
represent mean ± SEM. x Significant diet effect. * Significantly different from controls. # Significantly different from condition matched rats receiving 
opposite diet. 

doi:10.1371/journal.pone.0096573.g004 
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Figure 5. Effect of stress and diet on endocrine and metabolic indices. Rats with access to palatable food displayed lower plasma levels of 
CORT compared to chow fed rats on PD 66 (A). Blood glucose levels over time following an LP. injection of a 0.75 g/mL dextrose solution did not 
differ significantly across groups (B). Rats with access to the palatable diet displayed an increased in retroperitoneal and inguinal subcutaneous fat 
(C). A decreased weight of the mesenteric fat pad was observed in the Chow+Stress condition relative to their controls and the Palatable+Stress 
group. Bars represent mean ± SEM. x Significant diet effect. * Significantly different from controls. * Significantly different from condition matched 
rats receiving opposite diet. Mes = Mesenteric fat pad. Retro = retroperitoneal fat pad. Brown = Inter-scapular brown fat. Sub = Subcutaneous 
inguinal white fat pad. 
doi:1 0.1 371 /journal.pone.0096573.g005 



differences occurred in closed arm entries across groups suggesting 
that the observed results were independent of locomotor activity. 
Similar results were obtained in the social interaction test with 
previously stressed chow-fed rats displaying reduced social 
behavior relative to those with access to the palatable diet. 
Indeed, access to a palatable diet has been shown to mitigate the 
long term effects of maternal separation in the sucrose preference 
test and EPM [35], as well as the effects of short-term restraint 
stress in adulthood on anxiety-like behavior in the EPM [25]. 
Similar beneficial effects have been described among adult rats 
with access to a sucrose solution following a restraint stress [23]. 
Taken together with these earlier reports, our results provide 
evidence for the notion of palatable food consumption acts as a 
buffer against the negative behavioral effects of stress. Our results 
also provide preliminary evidence that such a diet may have 
proactive effects that are still evident in adulthood. 

While no effects of the stressor were observed when animals 
were tested as juveniles, a diet effect in the EPM and social 
interaction test was observed, suggesting that the palatable diet 
may have had an anxiolytic effect. The lack of a stress effect 
among chow-fed rats contrasts with previous findings, as stressed 
juvenile rats were observed to display increased activity and 
exploration in both the open field and elevated plus maze which 
the authors characterized as "non-classic anxious behavior" [48; 
p. 274]. One possible explanation for the observed differences 
between studies is the modification made to the stressor paradigm. 
Reducing the duration of restraint stress from 2 hrs in the original 
protocol to 30 min may have diminished the acute effects of the 
stressor, resulting in a corresponding change in the behavior in the 
open field and EPM. Testing windows were also slightly different 
(24 hours post stress in the current study vs. 1-6 hrs post stress). 

Stressors ordinarily increase HPA activity [65,66] and palatable 
foods consumption has been associated with lower resting and 
stress-evoked Cortisol levels in humans [67,68]. In rodents, 
previous studies have reported normalized HPA activity in 



adrenalectomized animals [69-71], reduced HPA axis response 
and hypothalamic corticotrophin releasing factor (CRF) mRNA 
expression following acute restraint stress [34] and diminished 
HPA axis response to repeated restraint stress [25] when animals 
are given access to a palatable diet. Moreover, a blunted 
corticosterone response, as well as reductions in hypothalamic 
CRF mRNA expression has been reported in response to restraint 
stress [23]. HPA axis dampening is proposed to be a result of the 
hedonic properties of the sucrose rather than the increase caloric 
value, as reductions of plasma corticosterone in response to 
restraint are not observed when rats were given the same amount 
and schedule of sucrose solution via intragastric gavage [23]. 
Consistent with previously reported results, we observed a 
significant decrease in basal plasma corticosterone concentrations 
among rats with access to palatable food. 

Access to the palatable diet resulted in an overall increase in 
total caloric intake regardless of stressor exposure. Of greater 
interest, however, is the proportion of calories obtained from the 
palatable food to that of the standard chow. As stressor-induced 
preference for more pleasurable or palatable foods has been 
documented in both animals and humans [18,19,25], we 
hypothesized that following the 3-day stressor, rats would show a 
preference for the palatable food. However, despite the mitigating 
effects of the palatable food on behavioral and neuroendocrine 
indices of anxiety, no such preference was observed. The lack of 
preference may be a result of the limited access to the palatable 
diet, as well as its availability during the light phase. Furthermore, 
as palatable food was provided in the morning prior to each 
stressor, it is possible that the timing of access to the palatable food 
might have influenced our results, as previous research has shown 
an increase in consumption when the palatable food is provided 
after the stressor [34]. In addition, palatable preference in the 
present study was determined on the basis of intake per cage, 
rather than individual intake as rats were doubly housed. Although 
this was done to reduce stress stemming from isolation [69—71], 
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the result of this decision is a reduction in statistical power, as well 
as confounding of individual eating patterns. Indeed, previous 
animal studies documenting a stress-induced increase in palatable 
feeding provided rats with ad libitum access to the favored diet 
[18,19,25]. 

As expected, juvenile stressor exposure resulted in a decreased 
rate of weight gain, which is a well-established consequence of 
stressor exposure in rats [72]. While initially both stress groups 
displayed a reduction in weight gain, rats with access to the 
palatable diet displayed a rate of weight gain comparable to their 
control group from PD 60 onwards, suggesting that access to the 
palatable food had a mitigating effect on this outcome. This 
pattern of recovered weight gain has been previously reported 
following restraint stress [25]. 

Consistent with findings concerning the negative health 
consequences of high fat/ sugar diets, rats with access to palatable 
food displayed increased adiposity compared to chow fed rats, 
despite the absence of any differences in body weight. In addition, 
previously stressed rats with access to the palatable diet also 
displayed a significant increase in the mesenteric fat pad compared 
to the previously stressed chow fed rats. These findings are in line 
with the perspective that stress alters how fat is distributed 
throughout the body. It seems that when poor diet is coupled with 
chronic stress, reorganization of energy stores from peripheral 
storage to central storage, primarily as abdominal fat, is facilitated, 
accompanied by elevated levels of glucocorticoids and insulin [19]. 
High levels of abdominal fat have been associated with hyperten- 
sion, cardiovascular disease, metabolic syndromes, type 2 diabetes, 
and morbidity and mortality [73,74]. However, selectively 
increased adiposity in the abdominal region is not reported in all 
studies that examined the effects of palatable food in the rat. 
Studies investigating the short-term effects of restraint stress 
[25,34] and maternal separation [35] demonstrated general 
increases in fat pad weights among rats with access to palatable 
foods relative to chow fed rats, but not a selective increases in 
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